The 18-kDA translocator protein (TSPO) is consistently elevated in activated microglia of the central nervous system (CNS) in response to a variety of insults as well as neurodegenerative and psychiatric conditions. It is therefore a target of interest for molecular strategies aimed at imaging neuroinflammation in vivo. For more than 20 years, positron emission tomography (PET) has allowed the imaging of TSPO density in brain using [
Introduction
Positron emission tomography (PET) is an imaging technology that assays the distribution of ligands labelled with positron emitters (e.g., 18 F, 11 C, 15 O) in vivo, by measuring the emitting annihilation photons with a ring of detectors. It is a functional imaging technology that best suits the three principles of tracer measurements because PET instrumentation (a) allows absolute quantification, (b) PET labels do not modify tracer properties and (c) PET ligands are in trace concentrations. These properties stem from the unique ability of the technology to use high energy radiation emitted from the nucleus as opposed to lower energy modalities, such as computed tomography, where X-rays are emitted by the orbiting electrons. PET labels radiate positrons, the anti-matter counterpart of the electron that annihilate with slowly moving electrons emitting two γ -rays at an 180
• angle that are detected by the ring of detectors. Figure 1 illustrates a typical dynamic PET acquisition where, after injection, radioactivity in blood and in the organ of interest is monitored throughout the experiment generally lasting an hour or more. Once the study is completed, the coincident detections of the γ -rays are reconstructed into a set of time frames that measure the distribution of the radioligand during the acquisition. At the same time, the blood data are corrected for radioactive impurities (radioactive metabolites, radioactivity in blood cells and platelets, plasma protein bound fractions) to obtain the concentration of the free tracer in plasma. The availability of absolute measures of the ligand in tissue and plasma, the latter being a very good approximation of the concentration in the capillaries, allows the calculation of functional measures such as blood flow, enzymatic rates and protein densities via a kinetic model.
It is important to underline that the use of a kinetic model that describes with some degree of fidelity the underlying biology of the tissue is key to obtain meaningful parameters. At the same time, both tissue and plasma concentrations need to be measured accurately; this is occasionally impeded by limitations of the instrumentation. For example, the protein free plasma fraction of certain PET tracers is very low (<5 %) and standard laboratory instrumentation lacks the necessary sensitivity to measure this fraction accurately. This may not be an issue as long as the free fraction is constant through the experimental setting and the correction can be disregarded. However, it becomes a serious matter when the free fraction of the ligand in plasma is subject to change in pathological conditions. The PET instrumentation allows the quantification of the concentration of the radiotracer in the organ of interest whereas additional instrumentation is used to quantify radioactive concentrations in blood. The latter is then corrected for those tracer fractions bound to red cells, platelets, plasma proteins etc., to recover the free tracer concentration in plasma. The plasma used as input function for the mathematical model that is applied to the data to obtain the parameters of interest. Kinetics curves refer to a representative [ 11 C]-PBR28 PET study in healthy HAB.
The use of PET for the quantification of translocator protein (TSPO) density in brain tissue poses a number of the challenges described above. Here, we briefly review the background of TSPO imaging and the past and present problems in quantification that are specific to this protein in brain imaging. We focus on three major determinants: (1) polymorphisms of the TSPO gene, (2) complex tracer kinetics due to heterogeneity of TSPO distribution in brain tissue and (3) variability of plasma free fractions across human clinical cohorts. We look at the impact of these factors in practice by referring to an exemplary dataset acquired in patients with schizophrenia and matched normal controls.
PET imaging of the TSPO with [ 11 C]-PK11195
In the past 20 years or so, PET imaging of the TSPO [at the time still called the peripheral benzodiazepine receptor (PBR)] has utilized the antagonist ligand PK11195, an isoquinoline-carboxamide derivative with nanomolar affinity (9.3 nmol). After an initial application to the imaging of the TSPO in the heart [1] , PK11195, labelled with 11 C, was used to target the TSPO in activated microglia and infiltrating macrophages in the central nervous system (CNS) [2] . Since then [
11 C]-(R)-PK11195 has been the radiotracer of choice to image neuroinflammation in vivo which has been demonstrated in stroke [3] , neurodegeneration [4] [5] [6] [7] [8] [9] [10] [11] [12] , traumatic brain injury [13] and neoplasia [14, 15] . Please see [16] for a review. The good sensitivity of [
11 C]-(R)-PK11195 allows its use in clinical trials for pharmacological agents acting on microglia such as minocycline. This broadspectrum tetracycline antibiotic is commonly used in the treatment of acne whereas it also demonstrates an interesting profile for use as neuroprotective agent given its lipophilicity, penetration into the brain and action over microglia [17, 18] .
The quantification of [ 11 C]-(R)-PK11195 data have however presented a number of challenges. The first challenge stems from the affinity of PK11195 to a number of binding sites in blood, e.g. platelets, monocytes and plasma proteins. Platelets and monocytes have significant TSPO density and this is altered in disease with consistent reductions observed in anxiety disorders and aggression [19] [20] [21] [22] [23] . The fraction of a radioligand bound to blood cells is usually stable at equilibrium but not necessarily so at capillaries where exchanges with tissue take place. The correction of the arterial radioactivity by separation of blood cells from plasma by spinning the samples can be a good approximation only if the bound fraction is small compared with the free fraction in plasma or if the binding does not change across subjects. However, this is problematic for PK11195 because of its poor free fraction in plasma (∼1 %-5 % that, incidentally, does not allow accurate measurements either); to complicate matters further PK11195 also binds to plasma proteins that may be up-regulated in the course of peripheral inflammatory events that sometimes are a cofactor in brain disorders [24] .
If the quantification of TSPO binding cannot be pursued using plasma concentrations, the alternative option is to use as input function the time-activity curve (TAC) of a reference region in the brain, a tissue with perfusion characteristics similar to the ones of the target tissue but lacking the specific target of the ligand. In the case of the TSPO, this is non-trivial for two reasons.
The first reason is that the localization of microglial activation and ensuing abnormal TSPO density is generally unknown so one cannot select an anatomical region of reference a-priori. As an alternative a pseudo reference region can be identified by modelling the TAC of the tracer in each voxel of the brain as a linear combination of kinetics of predefined classes; usually four classes are used, normal grey and white matter, vascular and inflamed tissue. The estimated coefficients of the normal grey matter component are then used to calculate a reference region TAC as the weighted average of all voxels' contributions [25, 26] .
The second challenge stems from the ubiquity of TSPO in the normal brain and in the blood-brain barrier (BBB) in particular [25] . In the case of [
11 C]-(R)-PK11195 the BBB binding generates a homogeneous background signal of low intensity that does not hamper accurate quantification using reference region approaches [25, 27] . However the density of TSPO at the BBB is disturbed in neurodegenerative conditions because of vascular fibrosis and needs to be corrected for. In this instance, the vascular TAC must be first identified in the image using the first minutes of the PET acquisition when most of the radioactivity injected is still in circulation. The vascular TAC, that contains both radiotracer in blood and bound to the BBB, is then incorporated into the reference TAC (usually fixed at a standard value, 5 %-7 %) and ultimately estimated as a variable in the target tissue [28] . This step brings further robustness to the quantification procedure and generates stable and reproducible values for the TSPO-specific signal [26] .
PET imaging of the TSPO with second generation radioligands
The increasing amount of evidence demonstrating neuroinflammation as an important factor in disease and the ensuing interest in biomarkers of CNS immune system has spurred unprecedented activity in the development of novel TSPO ligands; novel series of phenoxyphenyl acetamide derivatives (i.e., PBR06, DAA1106) or bicyclic linker derivatives (i.e., PBR111, DPA713) with high affinity for the TSPO have been radiolabelled for use in PET with the aim of improving the signal-to-nose properties of [ 11 C]-(R)-PK11195 [29] . Unfortunately, the promise of improved image quality has not been delivered. The reasons may be ascribed to the three main factors depicted in Figure 2 .
The first factor is genetics. A nucleotide polymorphism in the TSPO gene (rs6971) leads to an amino-acid substitution (A 147 T) inducing a variation in binding affinity for second generation TSPO tracers at a population level [30] . This co-dominant monogenic trait defines a class of individuals characterized by high tracer-affinity binding for a single TSPO binding site (2 nmol for PBR28) and this class comprises ∼66 % of the Caucasian population [e.g., highaffinity binders (HABs)]. Five percent of the same population is characterized by a single low-affinity binding site (180 nmol for PBR28) and they are defined as low-affinity binders (LABs). The remaining 29 % or so are characterized by a combination of one high-affinity and one low-affinity site; hence, they are labelled as MABs (mixed-affinity binders). All new classes of TSPO ligands display a dependency on the rs6871 genotype; however, in PET studies, the differences in binding across HAB/MAB/LAB classes vary depending on ligand affinity with the difference being the largest for PBR28, the tracer with highest affinity. For PBR28 the difference in affinity translates in a 2:1 TSPO signal in PET images in HABs compared with the MABs so that genetic stratification of the subjects to be included in the studies is required.
The second factor is that the very high affinity of some of the novel ligands disproportionally increases the signal from the TSPO on the BBB compared with that of the tissue [31] . This paradoxical result stems from the far greater concentration of the free ligand near the BBB compared with the remaining ligand that, after entering the brain and exchanging with a number of non-specific sites (e.g. cellular membranes in particular that attract lipophilic ligands) manages to reach microglia and enter the cell to bind to the TSPO in the mitochondria. Hence, the apparent affinity, that is the affinity of the ligand for the target multiplied by the concentration of the ligand at the site [32] , is dramatically higher at the BBB compared with the tissue and the signal from the latter is obscured and needs an appropriate kinetic model to be correctly identified [31] .
The third factor is obviously the difficulty in obtaining accurate estimates of free plasma concentrations that were described in the previous section. Accurate free plasma concentrations are critical because the use of tissue reference approaches is no longer possible or at least quite difficult, because the now large and ubiquitous TSPO component bound at the BBB masks the various brain tissues (e.g., grey matter, white matter and inflamed tissue as well) hampering the identification of a suitable reference region. In the next section, we demonstrate these issues with an exemplary application of a second generation TSPO tracer to a clinical study in a psychiatric cohort.
Methodological issues of [ 11 C]-PBR28 in schizophrenia
Several studies provide evidence that impaired regulation of microglia has significant impact on already existing neurobehavioural deficits or that disregulation of microglia induces motivational and neuropsychiatric disorders [33] . In the case of schizophrenia, it is remarkable to note that one of the most consistent genetic associations reported in this disorder is with the major histocompatibility complex, hence the innate immune system [34] . The pathology of schizophrenia has been also associated with neuroinflammation whereas, in patients, increased serum concentration of several pro-inflammatory cytokines have been reported [35] . The relevance of microglial activation in the disorder has also been demonstrated by the inhibitory effects of some typical/atypical antipsychotics on activated microglia and by the remarkable clinical improvements achieved using minocycline as an adjuvant for therapy [35, 36] . The imaging of microglia in schizophrenia has been reported by two studies using [
11 C]-(R)-PK11195 demonstrating TSPO signal in either grey matter, temporal cortex or hippocampus [37, 38] .
Only one report has been published to date on the use of second generation TSPO tracer in schizophrenia and, although the sample size was adequate, (27 controls and 18 patients), no neuroinflammation was detected [39] .
We have recently conducted a study on schizophrenia using the second generation TSPO tracer [
11 C]-PBR28 using 22 healthy subjects (18 HABs, four MABs), 14 subjects at ultra-high risk (UHR; seven HABs, seven MABs) and 15 patients with schizophrenia (12 HABs, three MABs) [40] . The clinical and methodological details of the study are published elsewhere [40] . Plasma free fractions of the tracer could not be measured reliably because of the above reported technical difficulties and plasma was only separated from blood cells and corrected for the presence of The figure shows the marginal averages of the volume of distribution corrected for the A 147 T genotype and age for three regions (whole grey matter-GM, temporal and frontal cortex). The first row demonstrates the large variability of the results (with and without endothelial binding correction, right and left panel respectively) due to plasma variability; the reductions in the schizophrenic cohort are driven by the incorrect estimates of the free plasma concentration. Plasma variability is then taken into account by normalizing the data with whole brain uptake and results shown in the lower row. Here the incorporation of the endothelial binding in the model leads to the expected TSPO increases (right panel) whereas, without correction, end-points fluctuate erratically (left panel).
radiometabolites. Nevertheless we found large variability in the plasma radioactive concentrations that were abnormally associated with the groups as well as age and genotype with a significant increase in plasma concentration in the pathological cohorts. As a result, when plasma concentrations were used for quantification of TSPO tissue uptake, the endpoints indicated implausible reductions in TSPO binding irrespective of the quantification model used (Figure 3, upper  row) . Given the impossibility of finding a suitable reference region, data were then normalized to total brain uptake and are illustrated in Figure 3 (bottom row) for kinetic models incorporating the TSPO-binding component in the endothelium (right panel) or not (left panel). The increases in whole grey matter, frontal and temporal cortex, regions generally involved in the pathology of schizophrenia, were demonstrated here only when BBB TSPO uptake was taken into consideration. No other regional differences were found. Similar results were obtained in the UHR cohort (result not shown).
Conclusion
The TSPO is a sensitive and robust biomarker of microglial activity in the CNS. Because of the heterogeneous distribution of TSPO in the blood and brain, the kinetics of PET-TSPO radioligands will produce spurious or null results unless biological variability is properly accounted for. Importantly, molecular strategies for the in vivo imaging of the TSPO require moderate affinity for the target as highaffinity ligands tend to accumulate on to the vascular-binding sites masking the TSPO in tissue. Hence, we recommend the analysis approaches outlined in this review to normalize for this large effect. 
